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A B S T R A C T

The availability of novel radionuclides plays a fundamental role in the development of personalized nuclear
medicine. In particular, there is growing interest in pairs formed by two radioisotopes of the same element,
the so-called true theranostic pairs, such as 61,64Cu/67Cu, 43,44Sc/47Sc and 155Tb/149,161Tb. In this case, the two
radionuclides have identical kinetics and chemical reactivity, allowing to predict whether the patient will
benefit from a therapeutic treatment on the basis of nuclear imaging data.

47Sc [t1∕2 = 3.349 d, E𝑚𝑎𝑥
𝛽− = 440.9 keV (68.4%); 600.3 keV (31.6%), E𝛾 = 159.4 keV (68.3%)] is a promising

radionuclide for theranostic applications in nuclear medicine. Its physical characteristics make it suitable for
radionuclide therapy and allow SPECT imaging during treatment. Moreover, 47Sc is foreseen as the therapeutic
partner of the 𝛽+-emitters 43Sc and 44Sc, both under study for PET imaging, opening new avenues towards the
true theranostics concept. 47Sc can be produced by proton irradiation of an enriched 50Ti oxide target with a
medical cyclotron equipped with a solid target station. To optimize the production yield and the radionuclidic
purity, an accurate knowledge of the production cross sections is necessary. In this paper, we report on
measurements of the production cross section of 47Sc and 46Sc using enriched 50Ti titanium oxide targets,
performed at the Bern University Hospital cyclotron laboratory. On the basis of the obtained results, a study
of the production yield and purity was performed to assess the optimal irradiation conditions. A production
test was also carried out to confirm these findings.
. Introduction

In nuclear medicine, the theranostic approach is based on a pair of
adionuclides used to label the same bio-molecule for both diagnostic
nd therapeutic applications. For that to be possible, the two radioiso-
opes must have very similar chemical characteristics or preferably
elong to the same element.

In this context, scandium has recently received considerable interest
ecause it presents three radionuclides with properties suitable for both
iagnostic and therapeutic applications. 43Sc [t1∕2 = 3.89 h, E𝑚𝑎𝑥

𝛽+ =
25.8 keV (17.2%); 1198.7 keV (70.9%)] and 44Sc [t1∕2 = 3.97 h, E𝑚𝑎𝑥

𝛽+
1473.5 keV (94.3%)] (IAEA, 2022) are 𝛽+-emitters, currently under

tudy for positron emission tomography (PET) imaging (Carzaniga
t al., 2017; van der Meulen et al., 2020). 47Sc [t1∕2 = 3.349 d, E𝑚𝑎𝑥

𝛽−
440.9 keV (68.4%); 600.3 keV (31.6%), E𝛾 = 159.4 keV (68.3%)]

s a low-energy 𝛽−-emitter that could be suitable for radionuclide
herapy (RNT); moreover, the decay is accompanied by the emission of

∗ Corresponding author.
E-mail address: gaia.dellepiane@lhep.unibe.ch (G. Dellepiane).

a 159 keV (68.3%) 𝛾-ray, allowing for single photon emission computed
tomography (SPECT) imaging during treatment.

From a physical and chemical point of view, 47Sc is similar to the
clinically-established 177Lu [t1∕2 = 6.64 d, E𝑚𝑎𝑥

𝛽− = 496.8 keV (79.4%);
175.5 keV (11.7%), E𝛾 = 113 keV (6.2%); 208 keV (10.4%)]. However,
its much shorter half-life would allow 47Sc to be labeled with small-
molecular-weight and peptide-based targeting ligands with a relatively
fast blood clearance (Müller et al., 2014). Finally, in contrast to thera-
nostic agents incorporating radionuclides of different elements, the use
of a true theranostic pair (e.g. 43,44Sc/47Sc) ensures identical pharma-
codynamic and pharmacokinetic profiles, providing the most faithful
picture of the in vivo distribution prior to radionuclide therapy (Love-
less et al., 2020). Nevertheless, it must be taken into account that the
very different half-lives of scandium radioisotopes affect their resident
time in the patient body.
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Table 1
Isotopic fractions in natural Ti and enriched 50Ti oxide supplied by ISOFLEX (www.
isoflex.com).

46Ti 47Ti 48Ti 49Ti 50Ti

Natural [%] 8.0 7.3 73.8 5.5 5.4
50-enr. [%] 0.01 0.01 0.23 4.57 95.20

Different channels for the production of 47Sc are reported in the
literature using reactors, cyclotrons or electron linear accelerators. The
production using neutrons was investigated by irradiating enriched 47Ti
and 46Ca targets with fast (E > 1 MeV) (Domnanich et al., 2017)
and thermal neutrons (Deilami-nezhad et al., 2016; Domnanich et al.,
2017; Hosseini et al., 2017), respectively. The latter route, however,
yielded low activities of 47Sc and a high percentage of co-produced
46Sc (t1∕2 = 83.79 d). Alternative production routes have been explored
using 𝛼-particle irradiations of 44Ca targets (Minegishi et al., 2016)
and photonuclear reactions in linacs using titanium (Mamtimin et al.,
2015) and calcium (Starovoitova et al., 2015) targets, all providing
a quite low yield and radionuclidic purity. The production of 47Sc
by cyclotron was also investigated by irradiating enriched 48Ti tar-
gets (Kolsky et al., 1998) with high energy protons or enriched 48Ca
argets (Misiak et al., 2017; Carzaniga and Braccini, 2019) with proton
eams in the energy range of 17–24 MeV. The first route, however,
uffers from the co-production of 46Sc which emits high-energy gamma
ays abundantly, while the second one seems not to be a viable option
or clinical application due to the prohibitively high cost of enriched
8Ca. Cyclotron production of 47Sc through the 𝑛𝑎𝑡Ti(p,x)47Sc reaction
ith proton beams up to 24 MeV was also investigated (Loveless et al.,
020), suggesting the use of enriched targets to improve radionuclide
urity.

The purpose of this study was to find an alternative production
oute, profiting of more easily available target materials. In particular,
e investigated the use of enriched 50Ti, measuring the cross section

of the 50Ti(p, 𝛼)47Sc nuclear reaction. The production cross section
of 46Sc was also considered, being 46Sc the only impurity produced
during the irradiation. The results obtained were used to assess the
optimal irradiation conditions to maximize the production yield and
the radionuclidic purity. A production test was performed to confirm
these calculations based on cross-section measurements.

2. Materials and methods

2.1. The Bern medical cyclotron laboratory

The laboratory at the Bern University Hospital (Inselspital) (Brac-
cini, 2013) features an IBA Cyclone 18/18 high current cyclotron
(18 MeV proton beams, beam currents from a few pA to 150 μA, 8
exit ports) and two bunkers with independent access. This solution is
unusual for a hospital-based facility and allows to perform both 18F-
labeled PET tracer production, carried out by the spin-off company
SWAN Isotopen AG, and multi-disciplinary research activities (Braccini
and Scampoli, 2016). For the latter purpose, the Bern medical cyclotron
is equipped with a 6-m-long Beam Transfer Line (BTL), delivering the
beam to a second bunker. The BTL is characterized by an extracted
beam energy of (18.3 ± 0.3) MeV (Nesteruk et al., 2018; Häffner et al.,
2019) and was used for the measurements presented in this paper.

2.2. Materials and procedure for cross-section measurements

Cross section measurements were performed irradiating specifically
designed targets containing enriched 50Ti titanium oxide powder sup-
plied by ISOFLEX. The isotopic composition of the material is reported
in Table 1.

The powder grain (Fig. 1-a) was too large for the sedimentation
procedure and had to be reduced in size. For this purpose, about
2

100 mg of TiO2 powder was suspended in distilled water and refinished
using a SiO2 mortar (Fig. 1-b), previously cleaned with concentrated
HNO3 to avoid any contamination. The solution was then collected in
an Eppendorf® tube and inserted in an ultrasonic bath (Fig. 1-c) to
obtain a homogeneous mixture. Finally, it was deposited in a 4.2-mm-
diameter, 0.8-mm-deep pocket of an aluminum disc (Fig. 1-d: 22.8 mm
in diameter, 2 mm thick). Once the water had completely evaporated
by means of a heating plate, the deposited mass was measured with
an analytical scale (Mettler Toledo XS204 DeltaRange). With this pro-
cedure, target thicknesses of about 20 μm were achieved, consequently
the energy can be considered constant within the uncertainty over the
full irradiated mass. The pocket was then sealed with a 13-μm thick
aluminum foil to prevent material leakage throughout the irradiation
and measurement procedure (Fig. 1-e).

The experimental method used in this work was the same as the one
used for previous studies on cross-section measurements (Carzaniga
and Braccini, 2019; Braccini et al., 2022; Dellepiane et al., 2022) and
it is described in detail in Ref. (Carzaniga et al., 2017). It is based
on the irradiation of the full mass of a thin target by a proton beam
with a constant surface density, obtained with the optical elements
of the BTL. This method has the advantage that the target does not
have to be necessarily uniform in thickness, provided that the energy
of the protons can be considered constant within the mass of the target.
UniBEaM detectors (Auger et al., 2016) were used to monitor on-
line the position and shape of the beam. This beam profiler, based
on silica-doped fibers passing through the beam, was developed by
our group and commercialized by the company D-Pace (Potkins et al.,
2017). A specific target station was designed and built for cross-section
measurements. It provides a beam of controlled diameter by means of
a collimator and is connected to an ammeter for measuring the current
reaching the target. To obtain different impinging proton energies, the
beam was degraded by means of aluminum attenuator discs placed in
front of the target and its energy was determined using the SRIM-2013
Monte Carlo code (Ziegler and Manoyan, 2013).

After each irradiation, the activity produced was measured by 𝛾-
spectrometry with a N-type high-purity germanium (HPGe) detector
featuring the Genie2K analysis software and the Microsoft Excel ap-
plication Excel2Genie (Forgács et al., 2014). The detector efficiency,
up to 10 cm distance, was assessed using a multi-peak 𝛾-source, whose
activity is known with an uncertainty of about 1%.

The 𝛾-lines used to identify the radionuclides of interest are listed
in Table 2.

2.3. Materials and procedure for scandium-47 production test

The target used for the production test was prepared by compressing
approximately 35 mg of enriched material with the application of an
axial force of about 2⋅104 N. The obtained disc-shaped pellet (6 mm
in diameter, 0.28 mm thick) was placed in a special capsule – called
coin – consisting of two aluminum halves kept together by permanent
magnets. The thickness of the front part is used to adjust the energy of
the protons reaching the target material. The back part hosts the pellet
and an O-ring to prevent the possible leakage of molten material or
of any gas produced during the irradiation. The coin was conceived
and built by our group to irradiate compressed powder pellets or
solid foils and has been successfully used to produce several radionu-
clides (Dellepiane et al., 2021), in particular 44Sc (van der Meulen et al.,
2020), 68Ga (Braccini et al., 2022) and 155Tb (Favaretto et al., 2021;
Dellepiane et al., 2022).

The coin containing the enriched 50TiO2 pellet was placed in an
adapted target holder and positioned in the station used for cross-
section measurements. In this configuration, high beam intensities
cannot be achieved as the station does not have a cooling system.

http://www.isoflex.com
http://www.isoflex.com
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Fig. 1. Preparation procedure for the targets used for the cross section measurements: (a) enriched 50TiO2 powder; (b) SiO2 mortar; (c) Eppendorf® tube installed in the ultrasonic
bath; (d) aluminum disc filled with TiO2; (e) aluminum disc covered with a 13-μm thick aluminum foil.
Table 2
Investigated Sc radionuclides and their decay properties used for the measurement of their cross-sections.
The values in parentheses are the uncertainties referred to the last digits of the value. BR is the branching
ratio.
Radionuclide t1∕2 Decay mode: [%] E𝛾 [keV] BR [%]
47Sc 3.3492(6) d 𝛽−: 100 159.381(15) 68.3(4)
46Sc 83.79(4) d 𝛽−: 100 889.277(3) 99.984(1)
3. Experimental results

3.1. Cross-section measurements

Irradiations were performed at several energies with currents of
∼6 nA for about 20 min. After each irradiation, the activity of the target
was measured repeatedly to exploit the difference in half-lives of the
radionuclides of interest. In all measurements the dead time was below
1%.

In the investigated energy region, 47Sc is produced from 50Ti via
the (p, 𝛼) reaction. The results of the 50Ti(p, 𝛼)47Sc cross-section
measurements are presented in Fig. 2; for completeness, the numerical
values are reported in the Appendix (Table 4). A good agreement with
TENDL-2021 (Koning and Rochman, 2012) code is found up to 12 MeV,
while at higher energies the predictions underestimate our results. Data
available in the literature (Gadioli et al., 1981) and accessible via
the EXFOR database (https://www-nds.iaea.org/exfor/) are scarce and
differ considerably from both this study and TENDL predictions.

46Sc is the only impurity produced by irradiating an enriched 50TiO2
target. In the energy range of interest, it results from 49Ti and 50Ti
via the reactions (p, 𝛼) and (p, 𝛼+n), respectively. However, the latter
contribution becomes relevant only for energies higher than 17.5 MeV.
During the irradiation, the ground state and a short-lived metastable
state, denoted as 46𝑚Sc, are populated. 46𝑚Sc has a half-life of 18.75 s
and completely decays to the ground state by an IT process; the 46Sc
measured cross section is therefore a cumulative type. In this study it
was not possible to detect the 46𝑚Sc. The results of the 46Sc production
cross-section measurements are presented in Fig. 3; for completeness,
the numerical values are reported in the Appendix (Table 5). A reason-
able agreement was found with the TENDL-2021 code up to 12 MeV,
while at higher energies the predictions underestimate our results.

To disentangle the contributions to the production cross section of
the nuclear reactions involved at high energies, namely (p, 𝛼) and (p,
𝛼+n), a method based on the inversion of a linear system of equations
was used (Braccini et al., 2022). A second cross-section measurement
was performed at 18.2 MeV by irradiating a natural titanium target
(isotopic composition given in Table 1). In this way the following linear
system holds

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝜎
(𝑛𝑎𝑡𝑇 𝑖(𝑝, 𝑥)46𝑆𝑐

)

= 𝜖𝑛𝑎𝑡49 ⋅ 𝜎
(49𝑇 𝑖(𝑝, 𝛼)46𝑆𝑐

)

+ 𝜖𝑛𝑎𝑡50 ⋅ 𝜎
(50𝑇 𝑖(𝑝, 𝛼 + 𝑛)46𝑆𝑐

)

𝜎
(𝑒𝑛𝑟𝑇 𝑖(𝑝, 𝑥)46𝑆𝑐

)

= 𝜖𝑒𝑛𝑟49 ⋅ 𝜎
(49𝑇 𝑖(𝑝, 𝛼)46𝑆𝑐

)

+ 𝜖𝑒𝑛𝑟50 ⋅ 𝜎
(50𝑇 𝑖(𝑝, 𝛼 + 𝑛)46𝑆𝑐

)

(1)

where the experimentally-measured production cross sections appear
on the left side of the equations and the reaction cross sections to be
3

Fig. 2. 50Ti(p, 𝛼)47Sc cross section.

determined on the right. 𝜖𝑛𝑎𝑡𝑖 and 𝜖𝑒𝑛𝑟𝑖 are the isotopic abundances of the
𝑖-th isotope for the natural and the enriched 50Ti material, respectively.

The 49Ti(p, 𝛼)46Sc and 50Ti(p, 𝛼+n)46Sc cross-section measurements
calculated using this method are reported in Fig. 4. For completeness,
the numerical values are reported in the Appendix (Table 5). In the
case of the nuclear reaction (p, 𝛼), our measurements are in reasonable
agreement with the data reported in the literature (Levkowskij, 1991)
and are well described by the TENDL predictions up to 13 MeV, while
at higher energies some discrepancies are observed. In accordance with
the findings of Takacs et al. (2002), the values presented in Levkowskij
(1991) were scaled by a factor of 0.8, on the basis of the currently
accepted value of the monitor reaction that was used by Levkovskij
in his original work. At 18.2 MeV, the (p, 𝛼+n) nuclear cross-section
measurement is in a good agreement with TENDL.

The main experimental uncertainty affecting the 50Ti(p, 𝛼)47Sc
cross-section measurements was due to the flatness of the beam (5%).
Other sources of uncertainties are the beam current integration (1%),
the HPGe detector efficiency (3%), the statistical error of the 𝛾-ray
counting (below 4%) and the target mass measurements (below 1%).
All the contributions were summed in quadrature. In case of the 46Sc
production cross section, the main experimental uncertainty was due to
the statistical error of the 𝛾-ray counting (up to 20%), due to the low
activities produced.

https://www-nds.iaea.org/exfor/


Applied Radiation and Isotopes 189 (2022) 110428G. Dellepiane et al.
Fig. 3. Production cross section of 46Sc from enriched 50TiO2, whose isotopic
composition is reported in Table 1.

Fig. 4. 49Ti(p, 𝛼)46Sc and 50Ti(p, 𝛼+n)46Sc cross sections.

3.2. Study of production yield and purity

On the basis of the results obtained, a study of the Thick Target
Yield (TTY) and purity was performed to optimize the 47Sc production.

From the cross-section measurements, the TTY for a given proton
impinging energy, 𝐸, can be calculated using the following formula:

𝑇𝑇𝑌 (𝐸) = 𝜆 ⋅
𝑁𝐴 ⋅ 𝜂
𝑚𝑚𝑜𝑙 ⋅ 𝑞 ∫

𝐸

𝐸𝑡ℎ

𝜎(𝐸′)
𝑆𝑝(𝐸′)

𝑑𝐸′ (2)

where 𝑡𝑖 is the irradiation time, 𝐼 the current on target, 𝐴(𝑡𝑖) the
activity produced at EoB, 𝜆 the decay constant, 𝜎(𝐸′) the cross section
as a function of the proton kinetic energy 𝐸′, 𝑆𝑝(𝐸′) is the mass
stopping power for the target material, 𝐸𝑡ℎ is the threshold energy of
the considered reaction, 𝑁𝐴 the Avogadro constant, 𝑚𝑚𝑜𝑙 the average
molar mass of the target material, 𝜂 the number of target atoms of the
desired species per molecule and 𝑞 the charge of the projectile. The
mass stopping power was calculated using SRIM.

Given a sample containing a mixture of 𝑁 radioisotopes, the purity
of the radionuclide of interest X is given by

𝑃𝑋 =
𝐴𝑋

∑𝑁
𝑖 𝐴𝑖

(3)

where 𝐴𝑖 is the activity of the 𝑖-th radionuclide.
The 47Sc TTY and purity are shown in Fig. 5 as a function of the

proton energy.
4

Fig. 5. 47Sc thick target yield and purity for a 95.20% enriched 50TiO2 thick target,
calculated from the cross-section measurements. The bands correspond to the maximum
and minimum yield.

Fig. 6. 47Sc production yield and purity for a 95.20% enriched 50TiO2 target of about
35 mg, calculated from the cross-section measurements. The bands correspond to the
maximum and minimum yield.

If a thin target is used, so that the protons are not stopped therein,
the production yield Y(E) can be defined as

𝑌 (𝐸) = 𝑇𝑇𝑌 (𝐸) − 𝑇𝑇𝑌 (𝐸𝑜𝑢𝑡) (4)

where 𝐸𝑜𝑢𝑡 is the proton energy after the target, determined by using
SRIM.

The 47Sc production yield and purity considering a 50TiO2 target of
35 mg are shown in Fig. 6 as a function of the proton energy.

The highest isotopic purity is obtained for a proton energy of about
16.4 MeV. However, assuming an input energy of 18.2 MeV, the purity
decreases by a factor of 0.03% while the production yield increases by
24%. In this condition, a 47Sc yield of 1.32 MBq/μAh with a purity of
∼99.7% can be obtained. For this reason, the production test in the BTL
was performed around this value.

To achieve larger 47Sc activities, higher energies or thicker targets
can be considered. With an 18 MeV medical cyclotron equipped with a
solid target station, a maximum energy of about 17.8 MeV is achievable
by employing commercial Havar window foils of ∼10 μm. In this con-
dition, the 47Sc production yield and purity at saturation were studied
as a function of the target thickness (Fig. 7), considering an enriched
50TiO2 target with the isotopic abundances reported in Table 1.

At saturation, for a 800 μm thick target, a 47Sc yield of 200 MBq/μA
with a purity of ∼99.5% is achievable according to our findings.

While thicker targets will surely be beneficial, the use of higher
energies requires a careful evaluation. According to the TENDL-2021
code, using the isotopic ratio of 50Ti and 49Ti reported in Table 1, a 46Sc
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Table 3
Irradiation parameters, 47Sc yield and purity and radioisotopic impurity at EoB obtained irradiating a 0.28-
mm-thick enriched 50TiO2 pellet. The values in parentheses are the yield calculations based on the cross
section measurements.
E Q Y(47Sc) Y(46Sc) P(47Sc)
[MeV] [μAh] [MBq/μAh] [MBq/μAh] [%]

18.2 ± 0.4 0.0039 ± 0.0002 1.35 ± 0.07 0.0039 ± 0.0002 99.71 ± 0.02
(1.33) (0.0039) (99.70)
Fig. 7. 47Sc production yield and purity at saturation for a 95.20% enriched 50TiO2
target with an entry energy of 17.75 MeV, as a function of the target thickness. The
bands correspond to the maximum and minimum yield, calculated from the measured
cross sections.

Fig. 8. (a) Coin with a 7-mm-diameter hole in the covering lid containing a ∼35 mg
enriched 50TiO2 pellet; (b) 13-μm-thick aluminum foil inserted inside the coin to
prevent pellet leakage during the irradiation.

thick target yield of 4.8 kBq/μAh will be produced with a proton energy
of 18 MeV. If the entry energy is increased to 24 MeV and 30 MeV,
the 46Sc thick target yield will rise to 58 kBq/μAh and 254 kBq/μAh,
respectively, due to the contribution of the 50Ti(p, 𝛼+n)46Sc reac-
tion. This contribution cannot be reduced by higher enriched mate-
rial. Therefore, according to TENDL predictions, to minimize the 46Sc
fraction in the final product, the energy window 22/10 MeV seems
optimal.

3.3. Scandium-47 production test

On the basis of the results obtained on yield and purity, the optimal
conditions for the production of 47Sc were assessed. The production test
was carried out in the BTL to evaluate the cross-section measurements
in the energy range of interest. In order not to degrade the energy of the
beam, the pellet was placed in a coin with a 7-mm-diameter hole in the
front part (Fig. 8-a). A 13-μm-thick aluminum foil was placed inside the
coin to prevent the target material from escaping during the irradiation
(Fig. 8-b). This results in an input energy of (18.2 ± 0.4) MeV.

The irradiation was performed with current on target of ∼12 nA
for about 35 min. At the End of Beam (EoB), the target activity
was measured repeatedly to exploit the difference in half-lives of the
radionuclides of interest. In all measurements the dead time was below
4%. The entry energy, the irradiation parameters and the activities
5

Fig. 9. 47Sc and 46Sc production yields and purity calculated from the measured cross
sections in our irradiation conditions compared to the experimental results.

obtained are reported in Table 3. The experimental results are shown
in Fig. 9 as a function of the input energy and compared with the 46Sc
and 47Sc production yields and the purity calculated in our irradiation
conditions from Eq. (4) and Eq. (3), respectively. A good agreement was
found between the experimental data and the predictions based on our
cross-section measurements.

4. Conclusions and outlook

Scandium radionuclides are among the most promising for theranos-
tic applications in nuclear medicine. In particular, 47Sc is a 𝛽−-emitter,
suitable for targeted cancer therapy, which is the therapeutic partner
of the 𝛽+-emitters 43Sc and 44Sc.

The aim of this study was to investigate the feasibility of 47Sc
production with a medical cyclotron, irradiating an enriched 50Ti tar-
get with a 18 MeV proton beam. To select the optimal irradiation
conditions, the cross sections of the 50Ti(p, 𝛼)47Sc nuclear reaction
were measured at the Bern University Hospital cyclotron laboratory,
irradiating 95.20% enriched 50Ti targets. Despite the use of higly-
enriched material, the long-lived 46Sc is also produced and forms the
only impurity in the sample. Since 46Sc cannot be removed by decay
time, the knowledge of its production cross sections is of paramount
importance in determining the input energy that optimizes the 47Sc
production yield and purity. The cross-section measurements were con-
firmed by irradiating a ∼35 mg enriched 50TiO2 pellet with the Beam
Transfer Line (BTL). The obtained results open interesting perspectives
in the production of 47Sc in quality and quantity suitable for nuclear
medicine applications using a 18 MeV medical cyclotron equipped with
a solid target station. In particular, considering an impinging energy of
17.75 MeV and a 800 μm thick target, a saturation yield of 0.2 GBq/μA
with a 99.5% of purity at EoB can be achieved. Since the 47Sc cross
section was found to be increasing at 18 MeV, the use of a higher energy
cyclotron (20–24 MeV) can be evaluated to obtain higher activities.
Nevertheless this requires particular attention on the 46Sc impurity
co-production.

The results reported in this paper contribute to pave the way
towards the use of medical cyclotrons for the production of 43,44Sc/47Sc
for theranostics.
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Appendix

See Table 4 and Table 5.

Table 4
Cross-section data of the 50Ti(p, 𝛼)47Sc nuclear reaction.
E 50Ti(p, 𝛼)47Sc
[MeV] [mbarn]

7.7 ± 0.4 0.76 ± 0.06
9.7 ± 0.4 4.1 ± 0.4
11.5 ± 0.4 9.8 ± 0.7
13.0 ± 0.4 14.9 ± 1.1
14.5 ± 0.4 22.3 ± 1.5
15.8 ± 0.4 25.4 ± 1.6
17.1 ± 0.4 28.7 ± 2.0
18.2 ± 0.4 33.7 ± 2.1

Table 5
46Sc production cross section, 49Ti(p, 𝛼)46Sc and 50Ti(p, 𝛼+n)46Sc cross-section data.

E 𝑒𝑛𝑟−50Ti(p,x)46Sc 49Ti(p, 𝛼)46Sc 50Ti(p, 𝛼+n)46Sc
[MeV] [mbarn] [mbarn] [mbarn]

7.7 ± 0.4 0.05 ± 0.02 1.0 ± 0.4 No Signal
9.7 ± 0.4 0.49 ± 0.09 10.6 ± 1.9 No Signal
11.5 ± 0.4 0.86 ± 0.13 18.8 ± 2.8 No Signal
13.0 ± 0.4 1.00 ± 0.24 21.9 ± 5.3 No Signal
14.5 ± 0.4 1.27 ± 0.24 27.8 ± 5.5 No Signal
15.8 ± 0.4 1.48 ± 0.24 32.5 ± 5.3 No Signal
17.1 ± 0.4 2.07 ± 0.31 45.4 ± 6.8 No Signal
18.2 ± 0.4 2.68 ± 0.26 54.4 ± 4.6 0.21 ± 0.05
6
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